Abstract -A strategy for the total synthesis of avermectin Bla is presented based on aspects of the utilization of chirons derived from naturally-occurring starting materials, asymmetric synthesis, and computer-assisted stereochemical analysis.
INTRODUCTION
Over the years, Nature has been a generous and abundant supplier of products to the community of chemists and biologists. Through their separate and combined ingenuity, these groups of scientists have exploited Nature's gifts in many ways, the most dramatic of which has been in medicinal applications, hence directly related to our present-day quality of life. A number of life-saving drugs have their direct origins in Nature. Many others are the result of chemical modification of existing natural products, or synthetic endeavors. While the supply of new natural products and the emergence of novel structural types is ever so active, only a select few become serious candidates for in depth biological evaluation. Of these, perhaps a disappointingly small percentage are successful in more rigorous pharmacological and therapeutic scrutiny. Finally, after years of study on many fronts, there may emerge a product that combines the many features that constitute a novel drug, be it for human, animal or related use.
One such group of products is the avermectins consisting of isomeric macrocyclic lactones of unique structure (ref. 1 ) and exhibiting potent anthelmintic activity (ref. 1, 2) . The most active component, avermectin Bla has been shown to have the structure shown in Figure 1 , as a result of elegant structure elucidation studies involving degradative and X-ray crystallographic studies (ref. 3) . The avermectins, consisting of several components which OMe Subunit B Subunit A Fig. 1 The structure of avermectin Bla and retrosynthetically derived subunits differ principally in the nature of the C-25 side-chain, the presence or absence of the C21_C22 double bond, and in the nature of the "southern" ester subunit, exert their unique activity by interfering with invertebrate neurotransmission (ref. 4) . The milbemycins are another group of anthelmintic macrocyclic lactones that are related to the avermectins in overall structural features (ref. 5 ). However, they lack the disaccharide and oxygen functionality at C13, they may contain a "southern" aromatic subunit in some members and also differ by the presence of a less-substituted spiroacetal subunit. Several papers have dealt with synthetic efforts focused on the milbemycins (ref. 6, 7) and segments of the avermectins (ref. 8, 9) . 299
AVERMECTIN Bla
Subunit C
On the occasion of this 15th IUPAC conference on natural products, we present our results on the design and synthesis of avermectin Bla (ref. 10).
ELABORATION OF SYNTHETIC BLUEPRINTS AND OVERALL STRATEGY
Considering the nature and degree of complexity of the structure of avermectin Bla, it is evident that any aspirations toward a total synthesis must be based on sound planning, rational design and careful execution. Examination of the structure in question reveals the presence of unique geometric and topological features which are adorned with a delicate balance of strategically situated functionality. If in addition we attempt to decipher the stereochemical code of the plethora of asymmetric centers in the target, we come face to face with a herculean task of design, synthesis and assembly. While intuitive retrosynthetic analysis reveals several obvious strategic bond breaking and forming sites, one is still left with a number of subunits, (Fig. 1) , each of which presents a challenge in its own right, and can be the subject of an independant synthetic study. The pursuit of such a goal was undertaken in our laboratory a few years ago (ref. 9). The synthesis of appropriate subunits and their component fragments culminating with the assembly of the "northern" subunit B in optically pure form was designated as an initial objective. Concurrent studies focused on approaches to the synthesis of the "southern" hexahydrobenzofuran subunit.
DISCOVERY OF CHIRONS-VISUAL DIALOGUE VERSUS COMPUTER-ASSISTED PERCEPTION
The decoding of stereochemical and functional features in avermectin Bla aglycone by a visual process revealed that subunit A could be related to two other subunits, namely A1 and A2, each of which is derivable from D-glucose by appropriate chemical manipulation ( Fig. 2) . The total synthesis of subunit A based on such a strategy has already be reported from our laboratory (ref. 9). While this provided enantiomerically pure material and may have been acceptable as a first synthesis, we considered alternative, shorter approaches that utilized chirons (chiral synthons, see ref. 11) derived from (S)-malic acid. An integral feature of the carbohydrate "discovery" process in the framework of a target natural product takes advantage of the so-called "rule of five" (ref. 11). It is clear that another chiron, representing a six-carbon C9C1z segment of avermectin Bla aglycone can also originate from a hexose (Fig. 2) .
The process of visual dialogue with the target molecule revealed other possibilities with regard to potential chiral starting materials. Thus, Figure 3 shows the emergence of three molecules of (S)-'malic acid from the left, middle and right-hand segments of avermectin Bla aglycone. Because of the hidden symmetry associated with the particular substitution pattern in the left and right hand segments, namely C11-C1 and C23-C26 respectively, we can see that a common chiron can nicely fulfill the functional and stereochemical requirements of these segments. In principle, three sets of (S)-malic acid molecules could provide twelve of the eighteen carbon atoms comprising the mainframe of the "northern" subunit B.
By viewing of the stereochemical code associated with the C22-C28 segment in a different perspective, the methyl group at C26 can be related to that found in L-isoleucine (Fig. 3) . HO,ç_o While the preceding exercise of discovering appropriate chirons for the assembly of subunits of avermectin Bla has practical significance, it should be remarked that it represents one perspective and a visual one at that. The question may therefore be asked if these visual deductions are valid, and perhaps more importantly, if there are other patterns that were missed. All of which brings us back to a fundamental issue in the daily practice of our profession, namely the manipulation of three-dimensional molecules. Yet,for the major part, we think, conceptualize arid plan mostly in two dimensions such as on paper or the blackboard. Occasionally we may resort to the inspection of molecular models (if we can find them!). This is all the more important when we deal with the inevitable problem of deciphering stereochemistry, particularly in multifunctional molecules.
CHIRON PROGRAM U2. Fig. 4 , where it can be seen that the C11C1L, and C23-C26 segments are in fact identical. This type of stereochemical information can have important implications in the design and choice of starting materials for the synthesis of the "northern" subunit of avermectin Bla since it is clear that precursors common to two segments can be considered in the blueprint.
Armed with this information, one can now proceed with CAPS (Computer Assisted Precursor Selection) in the CHIRON program, and search for appropriate chiral starting materials from a bank of about 600 compounds stored in its memory. Figure 5 illustrates the graphical computer output from the Common Precursor Option, where (5)-malic acid was suggested in the first instance, and a readily available chiron which can be prepared from (5) program. The common precursor option will generate precursors than can be used in more than one segment of the molecule. Note how the program reproduces the precursor in a perspective that matches the corresponding segment in the target.
dialogue and computer perception were united by an astute sense of observation on the one hand (human), and the unbiased but logically derived recognition process on the other (machine). Consider however the speed of perception and many other possibilities offered by the program, compared to visual dialogue. The strategy has great predictive value because of the manner in which desired functionality can be systematically introduced in a cyclic carbohydrate structure. Provided that these manipulations are not extensive, and depending on the relative complexity of the intended target, the carbohydrate route can indeed be viable and practical. Figure 6 shows how D-glucose was manipulated to produce the six-carbon C11-C, subunit 9. The desired syn-relationship of C-methyl and hydroxy groups was achieved by the judicious selection of protective groups and key reactions, and relying on principles of conformational bias. In spite of the extensive deoxygenation in D-glucose, one should note that the geometry of the double bond was correctly established and that the entire carbon framework of the sugar was utilized (ref. (Fig. 7) . Thus the diester 11 was transformed into the lactone l3in good overall yield by taking advantage of the presence of an a-hydroxy acid at one end of the molecule and subsequent selective functionalization. At this juncture, an important decision regarding 0-protective groups had to be made. In a synthetic undertaking of such a magnitude, compatibility of protective groups and reactivity of advanced intermediates, particularly in organometallic type reactions, may become a crucial issue. Having selected a benzyl ether protective group, we proceeded to prepare the chiral ketone 15 in optically pure form and in excellent yield.
We now had clear access to chirons 9 and 15, representing the left-hand segment of our target. The plan was to react them with anionic partners via the ketone group, thus creating the C1L,-C15 trisubstituted double bond en route to subunit B. involving the addition of a Lewis acid also failed, we decided to change our approach still capitalizing on the utilization of common precursors (Fig. 8) .
Thus, lactone 13 was protected as the MOM etherl9, which was transformed into the open-chain ketone 2.0 and chain-extended to the mixture of ethylidene derivatives 21 in high overall yield. There remained to find a method for the stereoselective reduction of the double bond and to the desired isomer 22 in optically pure or enriched form. The most cooperative catalyst was found to be rhodium-on-alumina which at best rewarded us with a 1:1 mixture of 22 and its epimer 23.
Rh /AI,03
H,, 60 'I. Fig. 9 Synthesis of the C22-C28 subunit from L-isoleucine
SYNTHESIS OF C15-C21 SEGMENT (SUBUNIT A1) VIA A'CYCLICTEMPLATES A. Carbohydrate route-cyclic templates
As is evident from its structure, a carbohydrate route to this segment can be envisaged from D-glucose, once again because of its ready availability and the stereochemical congruence of C-5 with C17 of the intended subunit. Such a route has been described already by us (ref. 9), (Fig. 2) .
B. (5)-Malic acid route-acyclic templates
In keeping with the original plan in which common precursors could be efficiently utilized in the construction of various segments of avermectin Bla, we had devised a route to the lactone subunit A1 from (S)-malic acid (ref. 9). This is briefly discussed here for the sake of completion. Thus, the selectively protected (5)-butanetriol which is readily available from (S)-malic acid (ref. 21) was transformed into the aldehyde 31. (Fig. 10) It was hoped that a Grignard reaction with allylmagnesium bromide would not only provide the required carbon appendage, but also proceed with good stereoselectivity so as to produce the desired alcohol 32 in preponderance. Unfortunately, even after extensive experimentation (Lewis acids, etc.) this reaction gave a 1:1 mixture of diastereomers which could be separated after 0-benzylation to give 33. It should be noted that the unwanted diastereomer would be an ideal precursor to the lactone portion of the compactins and mevinolins (ref. At this juncture it would be of interest to group the various synthetic subunits and to trace their respective progenitors, (Fig. 11 ). With these chirons in hand, we proceeded to systematically assemble the more elaborate subunits en route to the intended target. 
ASSEMBLY OF C15-C28 SPIROACETAL (SUBUNIT A)
With the nucleophilic acetylene 29 and the electrophilic lactone 35 in hand, we succeeded in the coupling reaction for which there was ample precedent (ref. 23) (Fig. 12) Although the necessary functionality was present and steric effects were not a factor as judged by examination of molecular models, a major difficulty in the condensation reaction was the unreactivity of the anion at low temperature. This can be attributed to the presence of several oxygen substituents which will undoubtedly coordinate with the lithium cation and lead to aggregated entities. Variations in the nature of the cation, the solvent (ether, HNPA, etc.), or the temperature, did not improve the situation or led to decomposition. It was found best to interrupt the reaction and recycle unreacted sulf one and ketone. The same condensation, when attempted with the ketone 15 also led to the expected condensation product 42. Optimum conditions required the recycling of unreacted sulf one and ket-one, which led to a 40% isolated yield of 42 (95% based on recovered starting materials) (Fig. 14) . [a]. 24, 8 Fig. 14 Enantiospecific total synthesis of the optically pure C11-C28 "northern" subunit (subunit B).
SYNTHESIS OF HEXAHYDROBENZOFURAN SUBUNIT (SUBUNIT C)
The "southern" hexahydrobenzofuran subunit of avermectin Bla presents a number of challenges in synthetic design. In addition to the unusual substitution pattern, notice should be taken for example of the tertiary hydroxy group which is prone to elimination (Fig. 1) . Should this occur at any stage of the synthetic route, then the remaining steps might be in jeopardy because of the difficulty of reinstating it. The possibility of aromatization is another potential hazard. There are at present no less than four different approaches to this subunit, all of which lead up to the bicyclic system with a hydroxymethyl group in place of the carboxyl group (ref. 28).
Our approach was initially aimed at the synthesis of a racemic product, in order to test out the methodology (ref. 29) (Fig. 15) . The synthesis starts with the known Diels-Alder product 48 (ref. 30) which undergoes hydroxylation and decarboxylation in a remarkable sequence involving initial acetyl migration to. give 50 (ref. 31) . When redrawn in the perspective of the intended target, the required regiochemistry of functionality for further transformations becomes apparent. Thus, selective protection, introduction of the tertiary methyl group and 8-elimation produced 53. The plan was to introduce the required appendage at the allylic hydroxy group, to induce ring closure in a Nichael fashion, and ultimately to address the delicate question of introducing an angular hydroxyl group. After considerable experimentation it was found that thallium. ethoxide was the most reliable base, particularly in DNF as solvent. With the required appendage in place as in 54, we then proceeded with the first of several critical steps. Thus, radical-induced cyclization (ref. 32) led to the desired octahydrobenzofuran product 55 in good yield. The most critical reaction was now upon as, namely the introduction of the tertiary hydroxyl group. Ozonolysis of 55 gave the corresponding ketone 56 which when treated with lead tetraacetate in acetic acid gave the acetoxy ketone 57 in 75% yield! Interestingly, the olef in 55 also gave the same product under the same conditions, but the reaction time was longer. Presumably an oxidative cleavage is taking place to give the ketone 56 which undergoes the normal reaction. It is of interest that acetoxylation takes place at the tertiary position selectively since literature precedents involve mostly examples in the keto steroid area(ref. Fig. 15 Novel methodology for the total synthesis of octa-and hexahydrobenzofurans related to the "southern" subunit (C) of avermectin Bla.
When the lead letraacetate oxidation was initially attempted on 55, the tricyclic product 58 was obtained by intramolecular attack of the tertiary hydroxyl group on the activated olefinic intermediate (Fig. 16) . Application of the Sharpless oxidation of allylic systems systems (ref. 34) gave the lactone 59 rather than hydroxylation at the tertiary carbon atom. The tertiary alcohol group in 55 was intended as a vehicle for elimination to furnish the 8,y-unsaturated system found in the subtarget. The feasibility of such a reaction was tested on 55, whereby treatment with thionyl chloride in pyridine furnished an excellent yield of the desired olef in 60. Interestingly the reaction was also accompanied by partial epimerization at the C2-ester bearing carbon, thus bringing us closer to subunit C.
In pursuit of a synthesis of this subunit in optically pure form, we turned our attention to suitable optically active precursors. The readily available quinic acid 61 proved ideal, since it had already been transformed into intermediates that could be further manipulated for a convergent scheme (Fig. 27) . Thus, adapting the methodology already developed (ref. 35 ) to our needs, we were able to convert quinic acid into the optically active derivative 65 which proved to be identical with a sample of racemic product prepared via the 50% 3 steps Diels-Alder route (Fig. 15) . Interestingly, when the CHIRON program was queried about chiral precursors, quinic acid was a promising candidate found among several others. (Fig. 18) . Although subunit 66 could not be used as a relay substance because of the presence of the Bib component (isopropyl side-chain), it could be used as a source for the intact disaccharide unit. The "southern" subunit 67 on the other hand, proved to be an ideal substrate for studies toward the completion of the synthesis. Moreover, as we had originally planned, the migration of the double bond into conjugation with the ester would minimize the chances for aromatization during subsequent transformations. Armed with the optically pure "northern" synthetic subunit 45 and the versatile "southern" subunit 67, we proceeded with our efforts towards the conquest of this prized target. (Fig. 21) . Thus, treatment of the 0-silylated derivative of 70 with the pyridyithioglycoside 71 in the presence of silver trif late gave a mixture of anomeric glycosides in which the desired a-anomer 72 was predominant (ref. 10, 41). The last hurdle to overcome was the deconjugation of the cz,8-unsaturated lactone 72. We reasoned that a ketene acetal derivative such as A would fragment under controlled acid hydrolysis conditions to give the expected a-orientated isomer C by virtue of a topside (8) proton delivery (Fig. 22) 
4-I EPILOGUE
Our studies directed at the total synthesis of the averniectins have given us much insight into aspects of synthetic planning and execution. The successful completion of the synthesis of avermectin Bla was due in part to the decoding and simplification of the intricate array of stereochemical, functional and topological features present in this awesome megastructure. As is inevitable in such multistep syntheses, the question of protective groups, general functional group compatibility and reactivity were critical issues that had to be addressed and solved. It is hoped that the methodology developed in this work will be useful in the total and semi-synthesis of other members of the biologically important avermectin-milbemycin group of macrolides.
